ABSTRACT The degradation of key components of production equipment can have adverse effects on manufacturing, such as unexpected machine shutdown and product quality decline. Implementation of selfaware components by prognostics and health management-based cyber-physical systems is a promising technology that can address this problem. This paper developed a precursor-based prognostics method to create self-aware low-voltage electromagnetic coils for incipient insulation degradation monitoring. Electromagnetic coils are fundamental energy conversion and transformation components of a variety of machines, such as electric motors and solenoid valves, and their insulation failure can cause catastrophic effects. Conversion of sensory data to insulation health information and development of a component/cyberinterface for integrating insulation health information to cyberspace are described. This method presents opportunities for companies to develop transparency and thus predictive maintenance of machines that incorporate electromagnetic coils.
I. INTRODUCTION
Smart manufacturing systems are able to monitor physical processes, create a so-called ''digital twin'' (or ''cyber twin'') of the physical world, and make smart decisions through real-time communication and cooperation with humans, machines, and sensors [1] . Machine reliability and process safety are critical issues that smart manufacturing systems must address. Invisible issues and uncertainties, such as the degradation of key machine components, have adverse effects on manufacturing, such as unexpected machine shutdown and product quality decline. Therefore, smart manufacturing systems require transparency, which is the ability of an organization to unravel and quantify uncertainty to determine an objective estimation of its manufacturing capability and readiness [2] .
Cyber-physical systems (CPSs) are transformative technologies for managing interconnected systems between their physical assets and computational capabilities [3] . They are the key enabling technologies for developing transparency for smart manufacturing. According to [4] , CPS-enabled factories can be implemented in three key stages, as shown in Fig. 1 . In the first stage, the sensory data, such as vibration, temperature, or pressure, from critical components of each machine is acquired by the industrial Internet of Things. Next, prognostics and health management (PHM) is embedded in the intelligent algorithms so that sensory data can be systematically processed into information that can explain the uncertainties and thereby enable personnel to make more informed decisions [5] . Thus, a critical component can be assessed in situ under its actual application conditions, and its operational behavior can be anticipated. A digital twin of each component is then developed, which will be responsible for capturing time machine records and synthesizing future steps to provide self-awareness and self-prediction. At the second stage, more advanced machine data, (e.g., controller parameters) is aggregated to the component information to monitor the status and generate the digital twin of each particular machine. These digital twins provide additional self-comparison capability. At the third stage (production system), aggregated knowledge from components and machine-level information generates a digital twin of the production system and provides selfconfigurability and self-maintainability to the factory. This level of knowledge not only guarantees worry-free and nearzero downtime production, but also provides optimized production planning and inventory management plans for factory management.
This paper focuses on Stage 1, namely, creating a selfaware critical component used PHM-based CPS, which provides a technique ground for implementing CPS-based smart factories. The framework for creating self-aware critical components of machines in smart factories by a precursor-based prognostics method is shown in Fig. 2 , which mainly includes the following two phases.
A. DATA-TO-INFORMATION CONVERSION
The main task of this phase is to infer meaningful information from machine running data for insulation degradation monitoring. Considering that a precursor-based prognostics approach involves continuously monitoring and reasoning of parameters that are precursors to impending failure, which helps to convert sensory data into valuable health information, the precursor-based prognostics method can be developed for data-to-information conversion for critical component degradation monitoring. The basic working principle and procedures of the precursor-based prognostics method is described as follows.
1) PRECURSOR SELECTION
The selection of a precursor to be monitored is usually based on past experience, field failure data, or qualification test data. Specially, failure modes, mechanisms, and effects analysis (FMMEA), which uses the life cycle profile of a product along with the design information to identify the critical failure mechanisms affecting a product, is also an effective method to find a precursor. Theoretically, a precursor can be identified by critical component failure/degradation mechanism analysis combined with related mathematics models that describe the failure/degradation process.
2) CORRELATION BETWEEN PRECURSOR AND IMPENDING FAILURE
The correlation between precursor and impending failure is determined by measuring the precursor variable under a known usage condition or an accelerated test condition. Therefore, tests should be conducted in order to observe the trend of the selected precursor during component degradation. VOLUME 6, 2018 
B. COMPONENT/CYBER-INTERFACE DEVELOPMENT
The main task of this phase is to deploy sensors to the components under monitoring to acquire the precursor and integrate component health information to cyberspace in order to synthesize future steps to provide self-awareness. Thus, a component/cyber-interface should be developed to collect precursor, conduct a trend analysis, and integrate component health information into practical smart manufacturing systems.
Considering that electromagnetic coils are fundamental energy conversion and transformation components of many systems and are widely used in motors, transformers, and solenoids [6] , a method for creating a self-aware electromagnetic coil for incipient insulation degradation monitoring was developed. This paper focuses on the low-voltage coil because the reliability of low-voltage coil insulation systems has become a critical issue with the increasing use of electrical systems in aircraft. In practice, coils have been shown to be failure prone. For example, stator-winding insulation is regarded as one of the weakest components in a drive and contributes to around 25% to 40% of motor failures [7] - [10] . A study conducted by Oak Ridge National Laboratory [11] showed that over 50% of solenoid valve failures (SOVs) in U.S. nuclear power plants were attributed to electromagnetic coil faults (e.g., coil open, coil short). An international survey was conducted by Council on Large Electric Systems (CIGRE) Study Committee [12] , [13] , which showed that 56% of electric generator failures were originated by electrical insulation damage.
Insulation failure usually occurs suddenly and has catastrophic effects. For example, it takes less than 2 s for a turnto-turn fault to develop into a complete winding insulation failure for a 15-KW induction machine [14] . It is thus important to develop self-awareness capability in coils for incipient insulation degradation monitoring to enable predictive maintenance of machines that incorporate electromagnetic coils prior to development of an insulation fault that could cause catastrophic damage. Therefore, a precursor-based prognostics method, which applies the framework shown in Fig. 2 , for creating self-aware electromagnetic coils for incipient insulation degradation monitoring has been developed in this paper.
The remainder of this paper is organized as follows. Section II analyzes the degradation mechanism of coils. Section III presents the precursor selection by an equivalent circuit model and distributed parasitic capacitance network model. Section IV presents the experimental setup and results. A preliminary implementation of a self-aware coil in smart manufacturing systems is described in Section V. Finally, Section VI concludes the paper.
II. DEGRADATION MECHANISM ANALYSIS OF ELECTROMAGNETIC COILS
A cross-sectional view of an electromagnetic coil is shown in Fig. 3 . The wire, which is generally referred to as magnet wire, is constructed of conductor (usually copper) coated with insulation material (usually some kind of polymer). According to [15] , insulation failures are primarily attributed to excessive thermal stresses. Therefore, the coil insulation degradation mechanism under thermal loading conditions is investigated in this paper.
As shown in Fig. 4 , as an electric current is passed through the wire, Joule heating causes an increase in the wire temperature and the expansion of the conductor, placing mechanical and thermal stresses on the insulation [16] , [17] . The elevated temperature combined with the mechanical stresses then leads to insulation degradation. Because the dielectric material between the wires degrades, its mechanical strength decreases and the turn-to-turn or layer-to-layer insulation layer is extruded and deformed under the mechanical stresses, ultimately resulting in insulation fracture and a turnto-turn or layer-to-layer short. The short can cause the coil resistance to decrease, thus pulling a greater current into the valve. At the location of the short, a hot spot can form, where the local temperature is great enough to cause the wire to burn out, finally resulting in an open circuit and failure of the complete coil. In this paper, the incipient degradation phase is defined as the period of time in the degradation process when the turn-to-turn or layer-to-layer short has not yet formed. Generally, the incipient degradation phase is a long-developing process. Once the turn-to-turn or layer-tolayer short forms, the coil degradation process accelerates, and this period of time is called the late degradation phase. This paper focuses on incipient insulation degradation monitoring, which presents opportunities for continuous on-line health monitoring and predictive maintenance of machines that incorporate coils.
III. PRECURSOR SELECTION BY EQUIVALENT CIRCUIT MODEL AND CAPACITANCE NETWORK MODEL OF A COIL
The electrical behavior of the coil during degradation is analyzed by an equivalent circuit model and distributed parasitic capacitance network model in this section. This step will help identify the precursor parameter to be monitored in situ and analyze its evolution as the insulation degrades.
A. EQUIVALENT CIRCUIT MODEL OF A COIL
Equivalent circuit models (ECMs) are an attempt to model a circuit using a simpler, but functionally equivalent, circuit, thus easing computation and analysis [18] , [19] . ECMs are popular for analyzing the electrical behavior of electromagnetic coils [20] - [22] . When an electromagnetic coil is reduced to an ECM, a physics-based analysis is enabled, allowing intuitive understanding and health monitoring of the coil. Therefore, an ECM of a coil is used in this paper to study the incipient insulation degradation of the coil. The ECM of the coil can be constructed as follows. First, the coil can be equivalent to a resistance, R, in series with an inductance, L, in the lower working-frequency range. Second, as the working frequency increases, parasitic capacitance effects become more prominent. Thus, in the higher working-frequency range, considering that the windings of the electromagnetic coil have a distributed parasitic capacitance associated with the insulation on the magnet wire, the distributed capacitance of the coil can be modeled by a lumped capacitance, C, connected between the terminals of the winding. Therefore, the ECM of the coil can be modeled as a resistance and an inductance in series, then parallel connected with a lumped capacitance, as shown in Fig. 5 . According to the ECM, the coil impedance can be expressed as:
where Z (ω) represents the coil impedance at frequency ω and j = √ −1 is the imaginary unit. The resonance frequency, ω r , is defined as the frequency at which reactance is zero, and it can be obtained by splitting the impedance into its real (resistance) and imaginary (reactance) parts, then setting reactance equal to zero and solving for frequency. Thus, ω r can be expressed as:
Due to the fact that R and L are assumed to be constant during the coil incipient degradation phase, the evolution of C as insulation degrades will be discussed in detail in the next subsection.
B. DISTRIBUTED PARASITIC CAPACITANCE NETWORK MODEL OF A COIL
The basic cell of the cross-sectional view of the coil related to turn-to-turn capacitance, C tt , is shown in Fig. 6 . C tt can be calculated according to Eqs. (3) and (4) [20] :
where
where D 0 is the outer diameter of the magnet wire including the insulation; D c is the inner diameter of the magnet wire without the insulation; l t is the turn length; r is the relative permittivity of the insulation material; and 0 is the vacuum permittivity. Next, the total parasitic capacitance of the coil, C, can be calculated by the distributed parasitic capacitance network model, as shown in Fig. 7 . Because the distributed parasitic capacitance network is very complex and difficult to solve by theoretical derivation, circuit simulation is usually used to calculate C. The relationship between C and C tt was found as the following equation (5) in [23] by Multisim, a circuit simulation program:
where k is a constant that is dependent on the number of layers of the coil. The determination of the precursor parameter for insulation degradation monitoring is shown in Fig. 8 . According to the coil insulation degradation process analysis in Section II, during the incipient degradation phase, as the turn insulation material degrades combined with the mechanical compressive stress between adjacent turns, turn-to-turn or layerto-layer insulation will be extruded and deformation will occur, which makes the change of D 0 /D c . Thus, according to Eqs. (3)- (5), the change of D 0 /D c makes the coil parasitic capacitance change. Further, according to the ECM model and Eq. (2), the resonance frequency will consequently change. Therefore, considering that the resonance frequency will change as the insulation degrades, it can be determined as a precursor parameter for degradation monitoring of the coil insulation.
IV. EXPERIMENTAL SETUP AND RESULTS
The purpose of the experiment was to validate the resonance frequency as the precursor parameter for insulation degradation monitoring under thermal loading conditions and develop the correlation between resonance frequency and impending insulation failure. The electromagnetic coil was hand-wound using the magnet wire whose information is shown in Table 1 . The coil was put into the chamber set to 235 • C and removed periodically from the chamber every 18h so that the coil impedance could be measured. The experiment ended when the coil turn-to-turn short occurred, as indicated by coil DC resistance (DCR) measurement.
The impedance measurement platform is shown in Fig. 9 . The terminals of the coil under test were connected to a Keysight E4980A LCR meter, and a 500 mV signal was applied across the coil. The impedance data collection by the LCR meter was controlled externally by LabVIEW and started only when the coil had cooled to room temperature. Since the purpose of this experiment was to focus on the change trend of the coil resonance frequency during the thermal deterioration, the impedance data measurement and processing flow are shown in Fig. 10 . First, the healthy coil impedance was measured by sweeping frequencies from 20 Hz to 2 MHz, which is the measured frequency range of the Keysight E4980A LCR meter. Second, linear interpolation was used to find where reactance equals zero, and the resonance frequency of the healthy coil was obtained as 487,789 Hz. Third, the impedance was measured by sweeping frequencies around 487,789 Hz in order to detect the change of resonance frequency during the degradation phase. Specifically, the measurement frequency range was set to be between 20 Hz and 1,500,020 Hz, linearly filled with 1501 points. The coil DCR was also measured by the Keysight E4980A LCR meter. The measurement results are shown in Figs. 11-13 . In total, 4 measurement cycles were completed, with a coil life of about 72 h. As shown in Fig. 11 , the DCR measured around 3.15 in the first 3 cycles but dropped to 2.95 in the 4th cycle, which means that the turnto-turn short occurred after 72 h aging time. So, according to insulation degradation phase division in Fig. 4 in Section II, the coil was in the incipient degradation phase during the first 3 cycles. The resulting reactance spectra are shown in Fig. 12 . Curve-fitting for the change of the resonance frequency as aging time increased was performed by the least-squares polyfit method, and the results are shown in Fig. 13 . The experimental results show that there was a decreasing trend of the resonance frequency as the coil aged during the incipient degradation phase, which demonstrates that resonance frequency is a valid precursor parameter for coil insulation degradation monitoring. 
V. IMPLEMENTATION OF SELF-AWARE COILS IN SMART MANUFACTURING SYSTEMS
Self-aware coils can be created using the developed precursor-based prognostics method. The precursor-based prognostics-enabled cyber-physical framework for selfaware electromagnetic coils is shown in Fig. 14 . The physical world refers to electromagnetic coils, while the cyberspace should be designed to be able to perform coil degradation monitoring by precursor-based prognostics and optimal decision support analytics. Further, cyber-physical interaction mainly involves the following two tasks: (1) acquiring impedance data from electromagnetic coils in order to perform degradation monitoring and (2) taking proper maintenance actions in time according to health assessment results.
The architecture for implementing self-aware coils in a smart factory is shown in Fig. 15 . First, an insulation health monitoring module should be developed and embedded into the field machines to enable the developed precursorbased prognostics method. Second, to enable self-awareness of electromagnetic coils, seamless communication between physical objects on the shop floor and various computer systems is required. Thus, standardized interfaces must be created for vertical and horizontal data exchange through value-added networks, and the cyber twin of a manufacturing system must be defined [24] . Object linking and embedding (OLE) for Process Control Unified Architecture VOLUME 6, 2018 FIGURE 15. Architecture for implementing a self-aware coil in a smart factory.
(OPC-UA) [25] helps industrial companies adopt smart manufacturing by enabling remote access to plant information. Horizontal and vertical integration can thus be achieved and used to transfer the component health information to a supervisory control and data acquisition (SCADA) system. Finally, visualization tools, such as a health map or health radar diagram, can be used to feed the coil health information back to the factory maintenance staff and assist them in optimal decision-making.
A. SYNOPSIS OF THE INSULATION HEALTH MONITORING MODULE
The implementation of the insulation health monitoring module would require a low-voltage AC signal to be injected into the coil, superimposed on the power signal. Figure 16 shows a synopsis of the insulation health monitoring module. The key components include an inverter, which is used to generate the high-frequency signal under control of an MCU, and a current sensor, which is used to measure the resulting output current. The variation of the resonance frequency can be determined by the measurement of the maximum of current magnitude or detecting the zero point of its phase.
B. COIL HEALTH INFORMATION INTEGRATION BASED ON OPC-UA PUBLISHER/SUBSCRIBER SCHEME
OPC-UA is the latest OPC standard specification provided by the OPC Foundation. It is used for interconnectivity in stateof-the-art industrial automation technology [26] . As shown in Fig. 17 , the address space, which is one of the key concepts in OPC-UA, is used to map the physical space (real machines/components) into the cyberspace. The OPC-UA server is embedded into the field machines, such as motors and solenoid valves, whereas the OPC-UA client is deployed in the SCADA center. Further, the publisher/subscriber scheme is used to perform coil health information integration. The resonance frequency is set to be the monitored item, which is subscribed by the OPC-UA client (e.g., SCADA center). The insulation failure threshold is dependent upon the degradation mechanism and environment to which the coil insulation is subjected. As for thermal loading conditions, according to [27] , the failure threshold can be set to 95% of its original resonance frequency, namely, when the resonance frequency decreases to 95% of its initial value, an alarm event will be triggered and transferred to the OPC-UA client. Thus, proper maintenance actions can be taken for the machines under monitoring by maintenance staff according to optimal decision-making results. For example, the machine may be adjusted to run under derating conditions and scheduled to be examined in detail when possible.
Considering that a machine's temperature is continuously changing in the actual factory environment, how to eliminate the influence of temperature variation on the insulation health monitoring should be addressed. One possible solution is to take the temperature into account by mapping each measured spectrum into a spectrum measured at a reference temperature. Therefore, a mapping module should be developed using impedance spectrum measurements at various temperatures, during which time the insulation health status should remain unchanged. In addition, the coil temperature must be monitored using temperature sensors placed at certain locations within the coil. Hence, the changes of impedance spectra due to temperature and those due to insulation degradation can be differentiated.
VI. CONCLUSIONS
Self-aware components play an important role in implementing CPS-based smart factories that can bring transparency to manufacturing and thus guarantee worry-free and near-zero-downtime production. This paper developed a precursor-based prognostics method that includes sensory data-to-information conversion and component/cyberinterface development, to create self-aware machine components in smart factories.
Electromagnetic coils are critical components of a variety of machines, such as motors, transformers, and solenoid valves. Because their insulation failure usually occurs suddenly and can cause catastrophic effects, the developed precursor-based prognostics method was applied to create self-aware electromagnetic coils for incipient insulation degradaton monitoring. First, insulation degradation mechanism analysis under thermal stress, combined with an equivalent circuit model and a distributed parasitic capacitance network model, was used to determine the resonance frequency as the precursor for insulation degradation monitoring. Second, a thermal accelerated test was conducted to determine the correlation between the resonance frequency and turnto-turn short. Finally, preliminary ideas for implementation of self-aware coils in smart manufacturing systems are presented, which includes synopsis of the insulation health monitoring module and seamless communication between field machines and SCADA center based on OPC-UA to integrate insulation health information to cyber-space. Opportunities are thereby introduced to perform transparency management for machines that incorporate electromagnetic coils and thus enable predictive maintenance prior to development of a fault that could cause catastrophic damage. The developed framework of precursor-based prognostics can also be applied to develop self-awareness capability for other critical components of machines in smart factories. 
